ABSTRACT The interfacial Dzyaloshinskii−Moriya interaction (DMI) in the ferromagnetic/heavy metal ultra-thin film structures, has attracted a lot of attention thanks to its capability to stabilize Né el-type domain walls (DWs) and magnetic skyrmions for the realization of non-volatile memory and logic devices. In this study, we demonstrate that magnetic properties in perpendicularly magnetized Ta/Pt/Co/MgO/Pt heterostructures, such as magnetization and DMI, can be significantly influenced by the MgO thickness. To avoid the excessive oxidation of Co, an ultrathin Mg layer is inserted to improve the quality of Co-MgO interface. By using field-driven domain wall expansion in the creep regime, we find that non-monotonic tendencies of the DMI field appear when changing the thickness of MgO. With the insertion of a monatomic Mg layer, the strength of DMI could reach a high level and saturates. We conjecture that the efficient control of DMI is a result of subtle changes of both Pt/Co and Co/MgO interfaces, which provides a method to optimize the design of ultrathin structures achieving skyrmion electronics.
INTRODUCTION
In the past few years, the Dzyaloshinskii−Moriya Interaction (DMI) attracted significant interests 1 because it is one of the key ingredients to create magnetic skyrmions and chiral domain walls (DWs), which are promising for the next generation of high-speed magnetic storage devices. After more than two decades of theoretical studies [2] [3] [4] , magnetic achieved by fine tuning of the interface configuration [15] [16] [17] . Therefore, effective control of DMI is essential in developing advanced storage class memory devices 18 .
In this paper, we propose a method to control DMI by changing the thickness of the MgO layer in a Pt/Co/oxide system. The thickness of MgO of samples was tuned via a wedge structure and the corresponding effective DMI field was quantified by searching for its compensating in-plane field that minimized the DW motion velocity in creep regime.
Samples with 0.2 nm Mg inserted between Co and MgO have also been prepared. We found that the variation of the effective DMI field can be attributed to the details of the Pt/Co interface, which indicates that the influence on adjacent interfaces of MgO could be used to regulate the interfacial DMI thanks to a large charge transfer and the interfacial electric field 19 . We also unveiled that the insertion of monoatomic Mg can help tuning of DMI through the MgO layer and get a large value up to 2.32 mJ m 2 ⁄ .
SAMPLE PREPARATION
Samples with the structure of Ta(3 nm)/Pt(3 nm)/Co(1 nm)/MgO(t)/Pt(5 nm) and Ta(3 nm)/Pt(3 nm)/Co(1 nm)/Mg(0.2 nm)/MgO(t)/Pt(5 nm) were firstly deposited on a 500 μm Si wafer with a 300-nm thermal oxide layer by magnetron sputtering at room temperature, as shown in Figure 1 . The (111) texture of the bottom Pt was ensured by a Ta seed layer 20 , while the top Pt performed as a protective layer preventing the film oxidation. The base pressure of our ultrahigh vacuum deposition system is around 3 × 10 −8 mbar. In order to exclude the influence of variable growth conditions on the MgO quality, and thus to make the MgO thickness be the only variable in our system, the MgO layer was designed in a wedge structure. The thickness of MgO ( MgO ), which has been calibrated by an atomic force microscope 
MEASUREMENTS OF MAGNETIC PROPERTIES
The wedge samples were cut into small squares with the lengths of the side equal to 2.5 mm for vibrating sample magnetometer (VSM) measurements. , where is the effective magnetic anisotropy energy, and HK is the effective anisotropy field 21,22 obtained by extracting the field corresponding to 90% of in curves with in-plane field. As shown in Figure 2 (c), the saturation magnetization decreases by 75% as the MgO thickness increases from 0 to 1.26 nm, which due to the partial oxidation of Co. Also, the proximity induced magnetic moment in the Pt will be quenched after inserting the MgO barrier. As shown in Figure 2 
CHARACTERIZATION OF THE DMI
In order to quantify the DMI in the various samples, we studied the asymmetric DW motion in the creep regime when an in-plane field was applied. In a sample with PMA and strong DMI, the magnetization in the center of DWs is fixed in a chiral direction by the effective DMI field DMI , i.e., DW configurations are of Né el type. The presence of an in-plane field will break this configuration, thus affecting the surface energy of DWs. This change will further influence the field driven DW velocity in the creep regime. For a fixed perpendicular driving field, the minimal DW velocity occurs when DMI is completely compensated by the in-plane field. This compensating field can be seen as an indicator of the strength of DMI and was widely used to quantify [23] [24] [25] .
In our experiments, a Kerr microscope was used to measure the DW velocity. After saturating the sample, when an out of plane field was applied (~10 mT) in the opposite direction, domain bubbles will be nucleated and continuously expand. In creep mode, the DW expansion is not so fast (10 -4 ~ 10 -5 m/s) so that we can capture Kerr images at a fixed time interval (0.08 s). Then the DW velocity can be calculated by analyzing this dynamic process. At the same time, an in-plane field could be applied and the DW velocity variation caused by could be probed, as shown in Figure 3 . Since the perpendicular component of on the drive field would exponentially influence the (as shown in Fig. S1 S2 in the supplementary material), the sample was placed at the very center of the quadrupole magnet poles to avoid the probable interference to the measurement of velocity. In order to make sure that the applied in-plane field was exactly parallel to the sample and its stray field in the perpendicular was negligible, we have checked that when was removed, no DW motion would be seen even applied 0 increased to a relatively high value (~300mT). Moreover, the leftmost velocity and rightmost velocity should exhibit symmetry about x-axis. Performing DW motion measurements this way, it was observed that as the thickness of MgO layer grows, more intensive DWs caused by interfacial defect appear, which indirectly hint the decrease of the coercive field . A selection of our DW velocity measurements is shown in Figure 4 . The dependence of the velocity on the in-plane field is found to be roughly quadratic, where the minimum occurs at a non-zero value of . Reversing , a very similar quadratic − dependence if found, however, with a minimum occurring at the opposite value of , as shown by black and red data points respectively. Similar − measurements performed at different values are shown in Figure S3 in the supplementary material. We have estimated the influence of the inhomogeneity of the demagnetizing field and the stray field in different zones of the sample and found that this influence is negligible, see supplementary information. In order to exclude the direct influence of the thickness gradient on the DW motion velocity, we scaled the velocity at same rightmost place of the same domain and measured the same DW motion direction. Moreover, all measurements were focused on a zone of about 1.6×1.6 mm 2 . In such a small zone, the variation of the MgO thickness is less than 2×10 -4 nm.
So the velocity asymmetry caused by the structural gradient could be neglected. Therefore, we conclude that the velocity asymmetry shown in Figure 4 is mainly induced by DMI. Following the procedure in Ref.
[30], is obtained from the in-plane field value corresponding to the lowest , although we are aware of the problems of this method in certain cases 26,27 . 
DISCUSSION
Using the above method, we carried out our measurements of DMI versus MgO thickness on all samples with or without Mg layer; results were shown in Figure 5 . For Pt/Co/MgO samples, the strengths of DMI exhibit first an increasing and then a decreasing trend, whereas a stable stage following an escalating trend can be seen for Pt/Co/Mg/MgO samples.
In addition, the highest values of both DMI and | | for samples with Mg are almost 3 times larger than the peak value for samples without Mg. However, here it is unexpected that when MgO thickness is larger than a critical thickness, the DMI starts to decrease. Comparing the experimental results of samples with Mg insertion layer, it can be inferred that excessive oxidation is the main reason for the DMI reduction. When MgO grows thicker, the stabilization of DMI for samples with
Mg is more likely to reveal that the tuning of DMI is an interfacial effect.
As a primary dominant mechanism, upon inserting MgO, the structure is effectively changed from Pt/Co/Pt, which is nearly inversion symmetric and has a relatively weak DMI, towards Pt/Co/MgO, which is a prototype asymmetric structure with large DMI. As a consequence, the DMI shoots up after insertion of MgO. Secondly, further changes may be assigned to the interface between Co and Pt, and could involve several mechanisms. On the one hand, the oxidation of Co mentioned above decreases the effective Co thickness introducing DMI with the Pt layer 32 . On the other hand, the lattice mismatch between Co and MgO may induce strain effect to the Pt/Co interface 33, 34 although the MgO layer is sputtered after the Co layer, MgO modifies the Pt/Co interface and influences the spin-orbit coupling (SOC) between the bottom Pt and Co. Last but the most important, as for the Co/MgO interface, according to density functional theory calculations, interfacial oxidation is related to a large charge transfer and to the large interfacial electric field that compensates the small spinorbital coupling of the atoms at the interface, directly increasing the DMI 31, 35 . It has been calculated that, different from the Pt/Co interface, the DMI and SOC energy source of the Co/MgO interface are localized in the interfacial Co layer 31, 36 , which indicates a diverse mechanism governed by the Rashba effect [37] [38] [39] .
Noting that the influence of DMI on the free layer and the performance of the device has been intensively studied in recent years 40 . In addition, some devices based on the skyrmionic state in the free layer of a MTJ were proposed 41 . The TMR was also a critical factor when we detect skyrmions using an effective electrical method 42, 43 . As, the HM/FM/MgO structure we studied is very similar to the configuration of the tunnel barrier layer / free layer / capping layer of the most popular MTJ structure 44 , our study could be therefore very useful to investigate the properties and effects of DMI for the electrical nucleation and detection of magnetic skyrmions through MTJ. Not only Co, but also the influence of MgO on adjacent interfaces could be used to fine-tune the DMI in Pt/Co/MgO samples which is valuable for the induction of chiral magnetic order.
CONCLUSION
In conclusion, varying the thickness of MgO in a Pt/Co/MgO material system can significantly affect the Dzyaloshinskii−Moriya interaction. The DW motion was measured to characterize the strength of DMI, which is caused by the structural asymmetry between the top interface and bottom interface. We found that indeed it is possible to tune DMI by varying the MgO thickness, especially when Co is protected by an ultrathin Mg insertion layer. Not only the Co/MgO interface but also the Pt/Co interfaces were changed. This study will be very helpful for thin film design to obtain large DMI and stabilize the magnetic skyrmions with expected size for memory and logic devices.
ASSOCIATED CONTENT
Additional experiment results of DW motion, calculation of demagnetizing field and stray field were seen as the The determination of DMI by the asymmetry of DW velocity is based on the creep mode DW motion. We measured the DW velocity with different driven field value to improve the feasibility of the measurement, according to the characterization of the creep mode motion which could be described as
The results of samples without and with Mg insertion layer were shown below. All the driven fields we use to measure the circled by red-dotted line are inside the linear regions in Figure S1 S2. 
II. with different
In order to prove that the driven field has no effect on the effective DMI field , the equi-speed contour maps of = 0.40, 0.52 and 0.77 samples with 1.00 nm Co layer were shown in the Figure S6 . Figure S3 . Two-dimensional equi-speed contour map of as a function of 0 and 0 . The color corresponds to the magnitude of with the scale on the right.
III. Calculation of the demagnetizing field and the stray field
Using the concept of magnetization current 1,2 , we numerically calculated the demagnetizing field as shown in Figure   S7 (a), magnetic domains can be infinitely divided into small magnetic elements. Each element is equivalent to a ring current element, with current per unit area I = * , where is the thickness of magnetic layer and is the saturated magnetization per volume. For a uniformly magnetized out-of-plane domain, the current of one magnetic element can always be cancelled out by the current of the neighboring ones, except for elements in the boundary of domains and the edge of the sample. Namely, the magnetization currents are zero inside or outside the domain. The only non-zero contributions are on the boundary of the domain and the edge of the sample which are together noted as demagnetizing field here.
The contribution of the domain boundary is equal to the Oersted field produced by the effective current at the edge of domains. For a magnetic bubble with radius in a magnetic thin film, the electrical circuit is plotted in Figure S4 (b).
In addition, the DW width in PMA samples 3 could be estimated as 10 nm, and we have testified the width wouldn't strongly influence the demagnetizing field. This width is considered as the distance between two domains with opposite 14 magnetization, i.e. the distance between the two circular current circuits. Similarly, the contribution of the sample edge is closely related to the distance between DWs and the edge of sample, as showed in Figure S4 (b) . Electrical circuit identical to the current created by the magnetization at the edges of the structure and along the DW. Then, the stray field can be calculated using the Biot-Savart's law.
Using MATLAB, we respectively calculated the demagnetizing field 0 = 0 + 0 at point X shown in Figure S4 , with varying from 100 μm to 250 μm (the size range of DW we observed) and varying from 120 μm (the minimum distance of our photo results) to 5×10 6 μm (the measured sample size). The results are plotted in Figure S5 . It can be seen that, with the growth of bubble domains the demagnetizing field 0 is lower than 0.023 mT, and as the distance to sample edge increases, the variation of 0 is always less than 0.002 mT which can be neglected. 
